Abstract-Adhesion system is of great importance to underwater grasp and manipulation, however, the adhesion systems artificially designed at present are often inefficient, complex and unstable. The natural organisms evolved adhesion are more efficient, finer and more ingenious. Learning adhesion mechanism from nature adhesion system is of great importance. In this paper, we reviewed four kinds of underwater creatures, whose living environment range from ocean to streamlet to mammal body fluid, and analyzed their adhesion mechanism both from macroscopic and microcosmic perspective, and we concluded that the adhesion system of natural underwater organisms generally adopted negative pressure adhesion and assisted with other kinds of adhesion forces to resist tangential force. The adhesion system was a macrostructure combined with micro and nano structures, and the macro structure played a supporting role to form negative pressure. The microstructure was mainly auxiliary to form better seal and increase friction force to resist shear force. Finally, we suggested that, we could study the adhesion system mainly from the perspective of micro and nano structure, and the study of the interfacial force of the liquid-solid interface may also help.
I. INTRODUCTION
Oceans take 71% of the surface of the earth, but for people to understand and exploit the ocean has just started. In recent years, with the development of underwater detection technology, and underwater robotics technology, researchers` interests of ocean exploration become more and more strong. However, it`s too difficult to model the unstructured underwater environment, grasping and moving for underwater robots are not easy as those of ground environment. Reversible adhesion and release play an important role in movement and manipulation underwater, such as the adhesion system of the cleaning robot on the hull surface, adhesion system has great potential in underwater grabbing, because of its strong adaptability and soft characteristics, the gripper can grasp and release the target without precise location and contour information.
Up to now, there are four kinds of adhesion system used in robotics: vacuum adhesion, magnetism adhesion, thrust adhesion, dry adhesive adhesion. They have achieved adhesion function to some degree, but there are still many deficiencies. For vacuum adhesion, the main deficiency is easy to produce air leakage and causing adhesion instability; For magnetism adhesion, it is applicable only to magnetic materials, electromagnets are much energy consuming, permanent magnet is inflexible in driving. Thrust adhesion may cause large noise and needs large adhesion mechanism. Researchers are trying to find some new inspiration for adhesion system, therefor, bionics in adhesion system get more attention.
The adhesion systems designed by humans are often inefficient, complex and unstable. The naturally evolved adhesion organisms are more efficient, finer and more ingenious. This is the fundamental motivation for us to learn from nature.
Through hundreds of millions of years evolution, organisms have evolved a variety of ingenious structures and functions to ensure the survival and reproduction of their races, which have the reversible adhesion and release function. Therefore, it is of great significance to study and imitate the reversible adhesion and release of these organisms.
The bionics of reversible adhesion and release has great applications. For example, house lizard can walk freely on walls and even ceilings [1] . Inspired by this, we can design wall climbing robots and hull surface cleaning robots. The remora can attach itself on sharks, dolphins and other fishes even on the surface of hull [2] , can achieve the "hitchhike" for saving energy, and to the right place to leave. By simulating this function, we can achieve the release and recovery of series connection underwater vehicles, which can greatly expand the operation radius of underwater robots in ocean exploration and development. At the same time, the reversible adhesion and release have the advantages of nondestructive, good adaptability and good controllability, and can also be applied to the gripper of a software robot. This review, from macroscopic and microcosmic perspectives, summarizes several ways of adsorption in nature, their advantages and disadvantages, and summarizes the design methods of adhesion system and related applications in robotics.
II. ADHESION SYSTEM AND ADHESION MECHANISM IN

NATURE
Adhesion system is of great significance to creatures to survive, there are several biological functions introduced by adhesion.
1) Reversible attachment with wall or other surface to achieve movement. e.g. The house lizard walks on the wall. 2) Maintenance of contact with the mating partner during copulation. 3) Stay in a place and maintain the position to get feed. e.g. Gastromyzontidae lives under the turbulence of the water, adsorbed on the underwa0002ter stone, and eat the algae above. [3] 4) Attach to other moving object to travel and find food, i.e. remora attach itself to a ship or a shark, and release when getting to the right place. 5) Plants make its seeds spread, i.e. the seeds of Xanthium usually stick to animal hair and realize the propagation of seeds. Interestingly, the explanation to adhesion system is not as simple as we saw. Rather, it is a combination of micro and nanostructured surface, special materials and the movement of its muscle system.
Here, we conclude eight kinds of adhesion system, and divided into three groups according to their adhesion force [4] . a) Mechanical adhesion: hooks, lock, clamp, spacer, friction. b) Physical adhesion: negative pressure, Van der Waals' force, electrostatic interactions, capillarity. c) Chemical adhesion: glue, lectin/adhesin-mediated binding.
III. UNDERWATER ADHESION SYSTEM
At present, many literatures have studied the adhesion mechanism of plants and animals on land surface [5] [6] [7] [8] . However, many creatures on land surface use mechanical adhesion or van Edward force or electrostatic force adhesion [9, 10] , while fan Edward force will fail under water [10, 11] . So we need to investigate underwater organisms to get more inspiration about underwater adhesion system. The structure is simple, and the adaptability is strong.
The technology is not mature, the related materials are difficult to process, and the service life is short.
A. remoras adhesion system
The remora is known for "hitchhike" [12] , it can adhesion on sharks, dolphins and even hulls [2] , and when it reaches the destination, it can detached itself, which greatly saves energy consumption and expands the range of foraging and activities. Study on the remora`s adhesion mechanism began on 1860s. The adhesion function relies on its dorsal fin, dorsal fin evolved into a sucker, can bear 70 times the weight of its own weight, and the force is anisotropic, can withstand great shearing force, make sure it is in the attached will not be swept away by the water, and realize long time stable attachment.
Michael et al. [13] proposed a model to estimate the interface permeability and suction attachment leakage rate based on marine organisms, pointed out some important factors of the adhesion capacity, including the importance of skin mucous layer, the roughness of the attachment site, and the soft sealing lip ring. Jason et al. [12] dissected the remora`s sucker, and modeled the disk with microCT scanning, analyzed the influence of the structure on the adhesion capacity of the sucker. It is pointed out that the distance between remora spinules and shark tooth is of a similar length scale, which may help to increase adhesion between obstacles and hosts. It is found that the standing and falling of the lamellae controls adhesion and release. Fulcher et al. noted that although the remora is a sucker based adhesion, but the force of adhesion on shark skin is larger than that of on a smooth surface [2] . In fact, It is the anisotropy friction proposed by spinules that enlarge the adhesion force [14] .
The consensus was reached that remoras have four key structures that contribute to adhesion: First, the soft disc lip, composed of flexible myofibrils, its main function is to form a seal. Second, the lamellae, each adult remora has 20-30 lamellae, they are arranged symmetrically, with rigid fins and the surface is wrapped with soft tissue, lamellae can be driven by the muscle to produce the micromovement of lift. Third, the spinule, each lamellae has two or three rows of spinules, the average diameter of spinules is 270um, average height is 500um, and the separation distance between spinules is 250um. Fourth, the small hole in a disc, connected to a micropipe, which leads into the body, during attachment it suck the water into the body to form a seal together with soft disc lip, and after, through which remora can jet mucus into the seal cavity to enhance adhesion force.
We conclude that the adhesion procedure is as follow: the remora swims to the host, and attaches its disc to the host surface, at the meantime, the soft disc lip forms a seal, then lifts the lamellae to enlarge the space of the cavity to form negative pressure, and make the spinules stick to the host surface to enlarge friction, finally, the small hole in a disk sucks the water into the body and jets mucus into the seal cavity. And the detachment procedures are: the small hole in a sucker jets water into disk to balance the pressure of in and out the disk, then the lamellae folded and the soft lip slacked, and then remora can get separated from the host. If the shear load is reversed, the remora is capable of rapid detachment [2] .
Yueping et al mimicked remora sucker structure and adsorption principle, designed a sucker, this sucker mainly imitated the soft tissue formation sealing ring, lamellae with spinules raised upward in the adhesion, and the soft lip ring together to form a vacuum cavity, at the same time the spinules can increase the friction on rough surface to resistance shear force. The multi material 3D printing technology had been adopted. The hardness value of the sucker structure had been crossed three orders of magnitude, from the soft tissue overlay and soft disc lip (1.0Mpa) to the driving arms and rotation axes of the lamellae (2000Mpa). Through statistical comparison of the adsorption capacity of bionic sucker with different roughness, it was concluded that the lip ring had greater adhesion force on the smooth surface, and on the rough surface, the lamellae bars and spinules had greater effect on the adsorption force [15] .
B. octopus adhesion system
Octopus, a family of molluscs, cephalopods, marine mollusks, widely distributes in tropical and normal temperature waters around the world, usually lives in rocky subsea caves or gaps. Each octopus tentacle is covered with conical sucker. In both wet and dry environment, the octopus sucker can produce strong adhesion to the objects in contact. According to the literature, the octopus sucker can adhere 20 times the mass of itself.
Edward Wright, Richard H. C. Bonser, George Jeronimidis [16] studied the histomorphology of octopus suckers, analyzed the muscle tissue morphology of octopus sucker, simulated the histomorphology of octopus sucker, developed chemical material similar to octopus sucker muscle tissue, and used for mimic octopus sucker.
William M. Kier [17] et al. anatomized and observed the muscle tissue of octopus wrist and sucker. The morphology of muscle tissue and connective tissue of octopus wrist and sucker were analyzed. It was found that a large number of ravines on the inner surface of sucker and the surrounding tissue of the sucker were the surface morphology of the soft cortex.
Francesca Tramacere [18] [19] [20] et al. studied anatomy of octopus wrist and sucker structure, observed and analyzed the biological structure and morphology of Octopus sucker, and found a lot of grooves and ravines on the surface of Octopus sucker.
Among the various species of octopus, a distinctive structure of sucker can be seen, which comprises an orifice and a protuberance.
The adhesion processes are as follow:
The funnel-like edge of suction contacts with the host surface, the sucker muscle contracts, discharges most of the liquid in the sub-cavity of sucker, and forms a primary annular sealing area;
When the tissue of the sucker cavity is stretched, the inferior cavity tissue of the sucker begins to contract, and gradually squeezes the liquid remaining in the cavity of the sucker, and pushes it to the upper cavity space of the sucker.
In the process of sucker continuing contraction, the domelike protuberances of the upper cavity of the octopus sucker is raised under the stimulation of water pressure, and the muscle tissue on the upper wall of the sucker is started to regulate gradually through the nerve fiber.
The orifice between the upper and lower suction is closed by the dome-like protuberances. Cavity internal liquid is distributed in the raised circular around, making two sucker cavity separation. And the formation of the whole seal organization, and the adhesion is completed.
Sangyul Baik [21] et al designed an artificial, biologically inspired, reversible wet/dry adhesion system that is based on the dome-like protuberances found in the suction cups of octopi, they did some contrast experiments about the domelike protuberances, and found that the protuberance is a key factor to the Octopus` adhesion ability.
C. Gastromyzontidae adhesion system
The Guizhou gastromyzontidae distributes throughout southwest China and has an adhesion disk in its abdomen and can adhere to wet and slippery rocks in a turbulent flow, withstand a large transverse flow impact. Its adhesion ability has aroused great interest in research [22] [23] [24] .
The adhesion disk structure and adhesion mechanism have been reported in the literature since 1930s. The key factors that influences the adhesion ability are considered to be the unculi and the micro bubbles. The unculi is the horny projection arising from single cells [25] . In the literature, the unculi and the micro bubbles enhance adhesion by increasing friction during attachment.
However, how the unculi and bubbles increase friction has not reached a consensus. There are four views about the functional mechanism:
a) The contact splitting effect of the unculi [26] , b) Capillary bridges between the micro bubbles [27] , c) The bubbles and the unculi help to form seal for suction disk, d) The unculi increases the friction factor of the suction disk. In Jun Zou`s work [3] , they analyzed the adhesion force, and excluded hypothesis (a) because there was no direct contact situation between the unculi and substrate showed by microscopic pictures, what`s more, the capillary force in hypothesis (b) does not exist in wet situation or underwater environment, so they opposed hypothesis (b). As for hypothesis (d), they thought the unculi increased little friction factor of the suction disk, they did the following experiment to support their view: they treated the fish to remove the micro bubbles, and compared the force that the fish can resist shear force with and without micro bubbles, it turned out that the fis h can resist similar shear force with and without micro bubbles, so hypothesis (d) is exclude too. By comparing the adhesion force with and without micro bubbles on wet substrates, they deduced that hypothesis (c) described the function mechanism of micro bubbles. That is, the micro bubbles help to form seal together with sucker disk. The gastromyzontidae adhere rocks by the result of negative pressure, and realize anisotropic adhesion with the help of the micro structure on the disk, that is unculi.
D. giardia lamblia adhesion system
Giardia lamblia is a kind of parasitic protists, it can adherence to the wall of the small intestine of a mammal and causing dysentery, diarrhea, and so on. its ability to adhesion has aroused great interest in research.
There are many reasons to study its adhesion mechanism, such as public health, biophysics, and pathogenesis [28] . Here, we review its adhesion mechanism from the view of potential application on underwater adhesion research, because it's also a kind of underwater creatures that can adhere to a host, what`s more, it is a micro-scale creature and may give us new inspiration about biomimetic adhesion.
The Giardia interphase microtubule cytoskeleton is composed of the abdominal flap, the middle body, and four pairs of flagellum and the umbilical cord [29] . The dependence of the Giardia on its host is mediated by the abdominal disk [30] . The ventral disc is a complex microtubule structure (150~400 nanometers), consisting of a dextral spiral microtube. The ventral disc forms a complete spiral, which results in overlapping and overlapping areas in the upper and lower parts of a region. The three-layer microstrip is extended from the back of the mountain, and the cross bridge connects the abdominal disk MTS along the whole length. The ventral disc is another ordered structure called the lateral crista [31] .
The noticeable anatomical feature of Giardia is its large sucking disk that covers almost the entire ventral surface of the organism [32] . Woessner et al. [31] did the experiment on protein analysis of the abdominal disk showed that the body protein was mainly located in the abdominal disk overlap area by high-resolution light and electron microscopy. The use of anti-body protein depletion protein to make the abdominal disk incorrectly formed and compare the adsorption capacity before and after treatment, the result was that the Giardia nearly had no adhesion ability, showed that abdominal disk had key function to adhesion.
There are three mainstream views of Giardia adhesion mechanism: lectin/adhesin-mediated binding [33] [34] [35] [36] [37] , ventral disk clutching [34, 38, 39] , and negative pressure-based attachment models [31, 40] The lectin/adhesin-mediated binding: Giardia interacts with the cells` surface by lectin or adhesin to realize adhesion. The support opinion is that the surface of the Giardia is negatively charged because of the presence of N-acetyl-Dglucosamine residues [33, 35, 37] , glucose and mannose binding, or the combination of glucose and mannose -6-phosphate mannose specific lectin from Giardia. While, at 2006, Hansen did some experiments about the attachment of trophozoites with uncoated glass and coated with poly-Llysine, PTFE, trichlorosilane and PEG on the glass respectively. Their experimental hypothesizes are if the adhesion is due to non-specific electrostatic binding, then Giardia will adhere Polylysine coated glass surface firstly; if the adhesion is due to Van der Waals, then Giardia will adhere polytetrafluoroethylene-like coated glass surface firstly; if the adhesion is due to lectin binding, because of the absorption and shielding of the surface charged protein, it will inhibit the bonding of the peg coated glass surface. While the result was Giardia adhered to all the glasses nearly equally, and conclude that the adhesion of Giardia is not due to the lectin/adhesinmediated binding
The ventral disk clutching: Through the abdominal disc contraction or adjust the ventral disc concavity to seize adhesion surface [34, 38, 39] , while there are also some disagree opinions: Firstly, no significant deformation of the ventral disc was found during attachment [29] , Secondly, The filaments that connect to the ventral disc can't bear large deformation [41] .
The negative pressure-based attachment. There are two models in negative pressure-based attachment. The active model and the negative model. In the active model, the flapping of the flagellum causes the flow of fluid inside the ventral disc, resulting in the pressure difference due to the difference in the flow velocity between the external environment and the inside of the ventral disk [28, 41, 42] . In the negative model, the ventral disc constricts and extrudes the fluid to form a sealed space in the ventral disc, resulting in a negative pressure in the ventral disc [31, 40] .
The recent study on Giardia adhesion mechanism agreed with the active model of negative pressure-based attachment, Theodore mark the fluid in the Giardia environment, observed the flue route, and proved the reasonableness of the active model, at the same time, calculated the numerical adhesion force generated by ventral flagellums flapping [28] IV. CHALLENGE AND DISCUSSION
The adhesion system of natural underwater organisms generally adopts negative pressure adhesion and is assisted by other kinds of adhesion forces to resist tangential force. Facing the challenge of negative pressure adsorption are mainly in the following aspects: Firstly, leakage, negative pressure system artificially designed usually leaks, the negative pressure will decrease rapidly, so that the adhesion can not hold too long. Secondly, resist shear force is too small, adhesion system is very sensitive to the disturbance of tangential, easy get unexpected release under the influence of tangential force. Thirdly, it`s quite hard for us to investigate biological adhesion and release mechanism. Because one biological structure may have many kinds of functions, it`s challengeable for us to know which structures and movement contribute to adhesion, and how they coordinate.
Through summarizing the adhesion system of underwater organisms, we can conclude that the adhesion system is macrostructure combined with micro and nano structures, and the macro structure plays a supporting role to form negative pressure. The microstructure is mainly auxiliary to form better seal and increase friction force to resist shear force. The adhesion system usually forms mechanical interlocking or increasing frictional force on irregular surface. It can also adhere on the ideal smooth surface, mainly depends on molecular and interatomic forces, such as Van der Waals force or by negative pressure adhesion.
Therefore, in order to solve the challenges mentioned above, we can mainly study how to form a better and more stable seal and how to increase the friction force of the adsorption system and resist the shear force from the perspective of micro and nano structure. And the study of the interfacial force of the liquid-solid interface may also make progress to increase the shear force.
V. CONCLUSION In this paper, we reviewed four kinds of underwater creatures, whose living environment range from ocean to streamlet to mammal body fluid, and analyzed their adhesion mechanism both from macroscopic and microcosmic perspective, and we concluded that the adhesion system of natural underwater organisms generally adopts negative pressure adhesion and is assisted by other kinds of adhesion forces to resist tangential force. The adhesion system is macrostructure combined with micro and nano structures, and the macro structure plays a supporting role to form negative pressure. Finally, we suggested that, we can study the adhesion system mainly from the perspective of micro and nano structure, and the study of the interfacial force of the liquid-solid interface may also help.
